Background Our randomized trial found that pictorial cigarette pack warnings elicited more quit attempts than text-only warnings.
Introduction
Tobacco is the leading cause of preventable death worldwide, accounting for nearly 6 million deaths per year mostly due to cancer and cardiovascular disease [1] . Pictorial cigarette pack warnings are a promising solution for curbing the tobacco epidemic. More than 100 countries, with nearly 60% of the world's population, have policies that require pictorial warnings on cigarette packs [2] . A systematic review [3] and a large randomized clinical trial [4] demonstrate that pictorial cigarette pack warnings promote cessation behavior, including quit attempts, across a wide range of samples and cultural contexts.
The psychological mechanisms through which pictorial warnings change behavior are largely unknown, although health behavior theories and empirical models have identified many possibilities [3, [5] [6] [7] [8] . The Elaboration Likelihood Model [9] suggests that pictorial warnings could increase attention [10] [11] [12] [13] and cognitive elaboration (e.g., thinking about the warning and harms of smoking) [14] [15] [16] [17] , which should lead to persuasion (i.e., attitude change [18, 19] ) and then behavior change. Expectancy value theories-including the Health Belief Model [20] , the Theory of Planned Behavior [21] , and the Tripartite Model of Risk Perceptions [22] -suggest that pictorial warnings could exert their effects by changing risk perceptions and attitudes. The Extended Parallel Process Model [23] suggests that pictorial warnings may change behavior by eliciting fear [24] [25] [26] [27] and adaptive responding, or they may instead elicit maladaptive coping in the form of message reactance and avoidance to dispel fear [28] [29] [30] [31] [32] [33] . These psychological mechanisms share the insight that pictorial warnings generate deeper engagement with the messages.
To establish which of these mechanisms has empirical support, researchers can measure the candidate constructs and use mediation analyses. Several researchers have done this work using observational study data or non-behavioral outcomes [14, 34, 35] . Our study contributes by examining a comprehensive set of mediators in a single prospective, randomized clinical trial with a behavioral endpoint. Thus, our study aimed to identify psychological mechanisms that explain why pictorial cigarette pack warnings increase quit attempts. Understanding these mechanisms will help tobacco control programs design better warnings and will advance a deeper understanding of why pictorial cigarette pack warnings change behavior.
Methods

Study Design and Population
We used longitudinal data from a randomized clinical trial with 2,149 adult smokers living in North Carolina and California. Details of the trial including study protocols, questionnaire development, and participant recruitment have been previously published [4] . Other papers using this dataset have explored the frequency and content of social interactions [36] , reactance to warnings [37] , and trajectories of pictorial warnings' impact [38] , as well as attitudes toward regulation of tobacco products [39, 40] . From September 2014 to August 2015, we recruited English-speaking current smokers over the age of 18 to participate in the trial (see Table 1 for participant characteristics). Smokers brought in an eight-day supply of their own cigarettes weekly and received warnings on their packs for four weeks [4, 41] . Participants were randomly assigned to have one of four pictorial warnings applied to the top half of the front and back panels of their cigarette packs ( Fig. 1 ), or one of four text-only warnings applied to the side of their cigarette packs placed over the current Surgeon General's warning, for the duration of the study. Randomization created arms that did not differ on key demographic characteristics (all p > .05) [4] . Participants completed two computer surveys at the first study visit (i.e., baseline and immediately after seeing their assigned warning) and one survey at each visit thereafter. Participants provided written informed consent before enrollment. The University of North Carolina Institutional Review Board approved the study procedures.
Measures
The primary trial outcome was attempting to quit smoking during the study. At each of the follow-up visits, smokers answered the following survey question: "During the last week, did you stop smoking for 1 day or longer because you were trying to quit smoking?" The survey at Week 4 follow-up also asked, "Since you started the study, did you stop smoking for 1 day or longer because you were trying to quit smoking?" We considered participants to have made a quit attempt if they answered "yes" to any of the quit attempt questions. Surveys assessed psychological constructs from all stages of the Message Impact Framework to serve as potential mediators (see Supplementary Material 1) [8] . The categories of variables were attention/noticing, warning reactions, social interactions, attitudes and beliefs, intentions to quit smoking, and perceived effectiveness of the warnings (see Table 2 for a full list of variables and measurement time points). Cronbach's alpha was .70 or greater for all multi-item scales, except for two reactance subscales (discounting and government), which were both greater than .60.
Statistical Analysis
Analyses used an intent-to-treat approach, including all participants randomized in the trial, using the last observation available for missing data [42] . First, we compared trial arms on each potential mediator at each time point using t-tests. We characterized the associations using Cohen's d, calculated using PROC TTEST in SAS v9.4 (SAS Institute Inc., Cary, NC). To facilitate use of our findings in future meta-analyses as well as interpretation of the relative size 
Perceived severity of harm from smoking ( 
Second, we conducted mediation analyses to identify variables that could explain the association between pictorial warnings and quit attempts (i.e., mediation). We characterized associations using standardized regression coefficients (β). The MacKinnon approach [43] to mediation is to (a) examine the association of trial arm to mediator (a pathway), (b) examine the association of mediator to quit attempt outcome, adjusting for trial arm (b pathway), and (c) examine the product of the two (a*b pathway) (Fig. 2) . [44] . To allow use of the full sample, analyses accounted for missing data by employing full information maximum likelihood estimation available in Mplus. Mediation analyses used bootstrapped 95% confidence intervals with 1,000 repetitions, as this approach does not assume that indirect effects are normally distributed [45] . All models had acceptable fit statistics (CFI > 0.95 and RMSEA < 0.05).
Finally, based on our findings, we identified the most active variables in the Message Impact Framework to create a parsimonious empirical model of the process through which warnings exert their influence. The model included variables that had relatively large mediated pathways (statistically significant and larger than .02) and that did not assess conceptually similar constructs (e.g., we did not include intentions and perceived message effectiveness). We evaluated the model using structural equation modeling, using the same methods described above.
Results
Attention to the warnings was greater for pictorial than text warnings at all four of the follow-up time points it was measured (median d = .82, all p < .05, Table 2 ). Pictorial warnings elicited stronger effects at all time points for most of the eight warning reactions measures (median d = .43, most p < .05). The exceptions were worry, which showed differences at two of the five time points, the reactance self-relevance subscale, which showed no difference at any time point, and the common knowledge and derogation reactance subscales, which were higher in the text arm. Among warning reactions, the largest effect size was for the disgust subscale of negative affect (median d = .81, all p < .05). Pictorial warnings led to more social interactions about the warnings at all follow-up time points (median d = .25, all p < .05). However, pictorial warnings affected only two of the 18 belief and attitude measures (median d = .03, few p < .05). Belief and attitude constructs affected in at least two time points were self-efficacy and positive and negative prototypes. Finally, pictorial warnings led to higher intentions (median d = .15, all p < .05) and perceived message effectiveness (d = .71, p < .05) at all time points measured.
The two largest mediation effects were for attention/noticing and thinking about the warnings (both β a *β b = .15, p < .05), in simple mediation analyses (Table 3 ). Other larger mediation effects were for avoidance, perceived effectiveness, negative affect, and negative cigarette pack attitudes (β a *β b = .12, .11, .09 and .07, p < .05). Constructs with smaller path coefficients were quit intentions, self-efficacy, social interactions, worry, self-efficacy, and quit stage. Reactance suppressed the impact of pictorial warnings, although this effect was one of the smallest we identified (β a *β b = −.02, p < .05).
Based on our findings, we built the Tobacco Warnings Model, shown in Fig. 3 . The model showed acceptable fit: χ 2 [13] = 172, p < .001; RMSEA = .076 (90% CI: .066 to .086); CFI = .934. When respecifying the model, we added a correlation between attention and quit intentions to account for the theoretical supposition that people intending to quit pay more attention to the warnings ( Supplementary Fig. 4 ). The revised model showed good fit: χ 2 [12] = 118, p < .001; RMSEA = .064 (90% CI: .054 to .075); CFI = .956. All pathways in the models were statistically significant, (p < .05).
Discussion
Pictorial warnings on cigarette packs increase quit attempts and quitting [3, 4] , but why they do so is poorly understood. This large gap hampers cancer and cardiovascular disease prevention efforts that focus on smoking. Our large trial with U.S. smokers showed that pictorial warnings increased quit attempts by eliciting aversive reactions and by keeping the message vividly in smokers' minds. The warnings exerted little of their influence through changes in beliefs and attitudes and none of their influence through changes in risk perception. Given the emphasis in past research on these factors in eliciting behavior change, this pattern of findings was unexpected. Pictorial warnings kept the risk messages in people's minds without increasing perceived risk. They increased negative affect and anger (a part of reactance [28, 46, 47] ), yet negative affect motivated quit attempts even as anger had the opposite effects. They increased social interactions but not subjective norms. They increased avoidance of the warning, which was associated with more quit attempts. Taken together, these findings do not conform to existing models of health behavior. To come to this conclusion, we compared our findings with the predictions of six widely used health behavior change theories in the first three columns of Table 4 . As additional background on pictorial warnings, the table also includes findings on the warning-to-mediator pathways (a) from our trial [4] , a meta-analysis of experiments [8] , and systematic reviews of the impact of warning policy change as documented in observational studies [3, 5] . One of the oldest and most widely used theories, the Health Belief Model [20] , did not fit our findings. Support was modest at best for the Theory of Planned Behavior [21] , mostly due to the lack of impact that the warnings had on behavioral attitudes, which are a central construct in the model. Support was modest for the Elaboration Likelihood Model [9] ; its central pathway to persuasion through attitude change was not well supported but other aspects of the model related to gaining people's attention and increasing cognitive elaboration garnered some support. Finally, the Extended Parallel Process Model [23] , which was specifically designed to understand fear communication, had modest support. The risk predictions failed [8, 34, 35, 48] , but the pathways through fear (and other negative emotions) received clear support. An important shortcoming of the Extended Parallel Process Model in this context is that warning avoidance-in the model as a defensive reaction-acted as a marker for motivation to quit, not an undermining factor. Similarly, several observational studies have found that avoidance does not hinder smoking cessation [31, 32] and may in fact be associated with more quit attempts [33] .
Fig. 2. Mediation model
We make several other observations that can inform future theorizing and may explain the existing theories' limitations in accounting for pictorial warnings' effects. First, smoking is a special type of health behavior in that it involves addiction to nicotine. If smokers cannot change their behavior, they may shift their beliefs or attitudes to be consistent with the undesired behavior, and these beliefs and attitudes may change only after the smoker has successfully quit [49] . It is worth noting that while smokers' attitude toward the pack was a mediator of quit attempts, attitudes and beliefs about the act of smoking were not, and our data suggest these do not change in response to pictorial warnings. Similarly, smokers routinely underestimate their health risks relative to nonsmokers, and the general idea that smoking is a harmful behavior is familiar to many smokers [50, 51] . It is also true that warnings typically address severity but not the likelihood of disease. Also, repeated exposures to Health Belief Model [20] No support the warnings are paired directly with the repeated behavior of smoking, allowing their effects to accumulate over time. Thus, even if warnings do not shift risk beliefs and smoking attitudes, the constant presence of the warnings on the packs may act as a risk reminder that counteracts smokers' active minimization of risk, and people motivated to quit by the warnings may increase their attention to the warnings. Building on our trial findings and previous work including the Message Impact Framework [3] [4] [5] 8] , we propose the Tobacco Warnings Model (Fig. 3) as a way to advance our theoretical understanding of why tobacco warnings exert their effects on behavior. The model proposes that tobacco product warnings increase noticing of and attention to the message. This processing leads to greater negative affect including fear and more conversations with other people about the warnings. Though smokers, most of whom are addicted to nicotine, will generally not change their risk perceptions, the repeated exposure to the warnings keeps the warnings on their mind. The next step is an increase in motivation to quit smoking, as evidenced by greater intentions to quit smoking. Finally, warnings will increase quit attempts and quitting. The model focuses on mediators shown to be important in our trial and other studies. However, future studies should confirm the model given the post hoc nature of our proposal. A strength of the model is its parsimony, but additional constructs such as message reactance, avoidance, and pack attitudes may also play small but important roles [33] .
Study strengths include a large and diverse sample, a successful trial with respect to the primary trial outcome of behavior, and a large number of potential mediators. Study limitations include the imperfect comparison of existing text warnings with the novel text of the pictorial warnings. For this reason, the trial did not have an adequate assessment of message recall, another potential mediator. The trial also did not assess knowledge, which may be especially relevant to policymakers, but knowledge is rarely a motivator of behavior change. The trial provided data for people's responses in the weeks after first exposure, but the generalizability to responses over the longer term remains to be established. As warnings wear out over time, the relative strength of the pathways may change. Finally, as this trial was in a country with text-only warnings currently on cigarette packs, the generalizability of the findings will need to be established for countries that have already adopted pictorial warnings.
Future studies should examine whether warnings designed to target the Tobacco Warnings Model's five core constructs (attention, negative affect, social interactions, thinking about the warnings, and motivation) are more effective than those targeting other potential mediators. Pictorial cigarette warning studies have yet to examine some additional relevant constructs, including experiential perceived risk (e.g., feeling concerned about harms of smoking) [22] . Studies could also examine the value of the Tobacco Warnings Model in other cancer prevention contexts. The model may be helpful for understanding the impact of warnings on other tobacco products such as e-cigarettes, cigarillos, and hookah, and warnings to reduce other behaviors that contribute to obesity such as consumption of sugar-sweetened beverages and unhealthy snack foods.
